Bortezomib, an inhibitor of the 26S proteasome, is currently approved for treatment of multiple myeloma and is being studied for therapy of non-Hodgkin's lymphoma. We found that Epstein-Barr virus (EBV)-positive B cells with type III latency were more susceptible to killing by bortezomib than those with type I latency. Bortezomib induced apoptosis of EBV lymphoblastoid cell lines (LCLs) by inducing cleavage of caspases 8 and 9; apoptosis was inhibited by pretreatment with a pan-caspase inhibitor. Bortezomib reduced the levels of the p50 and p65 components of the canonical NF-B pathway and reduced the level of p52 in the noncanonical NF-B pathway, which is induced by EBV LMP1. Bortezomib inhibited expression of cIAP-1, cIAP-2, and XIAP, which are regulated by NF-B and function as inhibitors of apoptosis. Bortezomib did not inhibit expression of several other antiapoptotic proteins, including Bcl-2 and Bcl-XL. Finally, bortezomib significantly prolonged the survival of severe combined immunodeficiency mice inoculated with LCLs. These findings suggest that bortezomib may represent a novel strategy for the treatment of certain EBV-associated lymphomas.
Epstein-Barr virus (EBV) infects over 95% of the world's population and is associated with several human malignancies, including Hodgkin's disease, Burkitt lymphoma, and nasopharyngeal carcinoma. EBV-associated lymphoproliferative disease occurs in immunosuppressed persons, such as transplant recipients, AIDS patients, and persons with congenital immunodeficiencies (12) . EBV plays an important role in the pathogeneses of many of these malignancies because of its ability to establish latent infection and induce proliferation of infected B cells (28) . EBV gene expression differs among malignancies associated with the virus. EBV-positive Burkitt lymphoma tissues usually have a type I latency pattern with expression of EBNA-1 but not the other latency-associated proteins (29) . Tissues from patients with Hodgkin's disease, nasopharyngeal carcinoma, and T-cell lymphomas usually have a type II latency pattern with expression of EBNA-1, LMP1, and LMP2. Tissues from immunocompromised patients with EBV lymphoproliferative disease generally have a type III latency pattern and express each of the nine latency-associated proteins. Although the treatment for some EBV-associated malignancies has improved in recent years, newer approaches to therapy are needed.
Inhibition of nuclear factor kappa B (NF-B) is a therapeutic target for inducing apoptosis of a variety of tumor cells (13, 40) . The NF-B family of proteins consists of five members: c-Rel, p65/RelA, RelB, p50/p105 (NF-B1), and p52/p100 (NF-B2) (5) . NF-B can be activated by a variety of stimuli, including interleukin-1 and tumor necrosis factor alpha, and among its multiple effects, it induces antiapoptotic proteins and promotes cell survival (17) . There are two NF-B pathways, the canonical and the noncanonical pathways. In the canonical NF-B pathway, NF-B is retained in the cytosol by its interaction with IBs (IB␣, IB␤, IBε). Following activation, IBs are phosphorylated by IB kinases and subsequently degraded by the ubiquitin-proteasome pathway (38) ; liberated NF-B translocates to the nucleus, where it activates gene expression. In the noncanonical NF-B pathway, phosphorylation of p100 with subsequent ubiquitination and proteasome-mediated processing yields p52, which together with RelB translocates to the nucleus to activate transcription (44) . Both pathways can promote tumor development. In many cancers, NF-B is constitutively activated, which protects tumor cells from apoptosis.
Infection of resting human B lymphocytes in vitro with EBV results in expression of LMP1, with constitutive activation of NF-B, B-cell proliferation, and transformation of the cells to lymphoblastoid cell lines (LCLs). LMP1 acts as a functional homolog of a constitutively active form of CD40 and activates both the canonical and the noncanonical NF-B pathways (4, 18, 32, 37) . Lesions from patients with EBV-associated B-cell lymphomas and posttransplant lymphoproliferative disease show activation of NF-B, and LMP1 colocalizes with TRAF-1 and TRAF-3 (31, 39) .
Inhibition of NF-B (e.g., by transfection with an IB␣ mutant or treatment with Bay 11-7082 or simvastatin) induces apoptosis of EBV-transformed B cells (9, 10, 25) . Bortezomib (PS-341) is an inhibitor of the 26S proteasome (1). Proteasomes are multiprotein complexes that degrade ubiquitinated proteins, including those involved in cell cycle regulation, on-cogenesis, and apoptosis. Inhibition of the proteasome can result in apoptosis of malignant cells (36, 50) . Bortezomib has many activities, including inhibition of IB␣ degradation with subsequent inhibition of constitutive NF-B, which results in apoptosis of cells (22) . Bortezomib is approved for the treatment of multiple myeloma and is in clinical trials for non-Hodgkin's lymphoma, prostate cancer, and lung cancer (24, 41) .
Here, we investigate the effect of bortezomib on EBV-transformed B cells both in vitro and in vivo. We show that bortezomib induces apoptosis of the cells through caspase-dependent pathways in vitro and inhibits p52, cellular inhibitor-of-apoptosis protein 1 (cIAP-1), c-IAP-2, and X-chromosome-linked inhibitor-ofapoptosis protein (XIAP) expression. Bortezomib inhibits development of EBV B-cell lymphomas in severe combined immunodeficiency (SCID) mice. These findings suggest that bortezomib may serve as a novel therapy for the treatment of certain EBV-associated lymphomas.
MATERIALS AND METHODS
Cell lines and reagents. Four EBV-transformed LCLs (clones a, b, Bra, and Der), EBV-positive Burkitt lymphoma cell lines (Akata [45] , Mutu I, and Mutu III [21] ), and EBV-negative Burkitt lymphoma cell lines (BJAB [33] , EBVnegative Akata cells) were grown in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum, penicillin, and streptomycin. 293 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and penicillin-streptomycin. A BJAB vector control (BJgpt-3) and BJAB cells stably expressing LMP1 (BJLMP-6 and BJLMP-15) were a gift from Fred Wang (Harvard University) and were grown in media containing mycophenolic acid, xanthine, and hypoxanthine as previously described (48) . Bortezomib (Millennium Pharmaceutical Inc., Cambridge, MA) was dissolved in phosphate-buffered saline (PBS), and the pan-caspase inhibitor Q-VD-OPH (R&D Systems, Minneapolis, MN) and Bay 11-7082 (Calbiochem, La Jolla, CA) were dissolved in dimethyl sulfoxide.
Cell viability and apoptosis assays. Cells (2 ϫ10 5 per ml) were cultured in 12-well plates for 1 day, and cell viability was quantified using trypan blue exclusion with a Vi-Cell cell viability analyzer (Beckman Coulter, Fullerton, CA). The pan-caspase inhibitor Q-VD-OPH (11) was added at 50 M 1 h prior to addition of bortezomib.
Viable LCLs were isolated using Ficoll-Paque (Amersham Pharmacia Biotech AB, Uppsala, Sweden) gradient centrifugation. Apoptosis was measured by flow cytometry using an annexin V-phycoerythrin (PE)/7-aminoactinomycin D (7-AAD) apoptosis assay kit (BD Pharmingen Biosciences, San Diego, CA) according to the manufacturer's instructions. Briefly, 2 ϫ 10 5 LCLs were treated with various concentrations of bortezomib and after 6 h washed in ice-cold PBS, resuspended in binding buffer, incubated with annexin V-PE for 15 min, and analyzed by flow cytometry. Viable LCLs were defined as negative for annexin V-PE and 7-AAD staining, and apoptotic LCLs were defined as positive for annexin V-PE and negative for 7-AAD staining.
Immunoblots. Whole-cell extracts were prepared after lysis in extraction buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, and protease inhibitors), and tissue extracts were prepared by homogenizing tissue in extraction buffer. Protein concentrations were determined with a Micro bicinchoninic acid protein assay reagent kit (Pierce, Rockford, IL). Equal amounts of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and immunoblotted with antibodies. Antibodies were directed against caspase 3, cleaved caspase 3, caspase 7, caspase 8, cleaved caspase 8, caspase 9, IB␣, phosphorylated IB␣, and polyadenosine diphosphate-ribose polymerase (PARP) (Cell Signaling Technology, Beverly, MA); ␤-actin (Sigma, St. Louis, MO); Bcl-2 (Oncogene, Cambridge, MA); Bax (Trevigene, Gaithersburg, MD); XIAP, cIAP-1, and cIAP-2 (R&D Systems, Minneapolis, MN); p52 and Bcl-XL (Santa Cruz Biotech Inc., Santa Cruz, CA); TRAF2 (BD Pharmingen, San Diego, CA); BZLF-1 and LMP1 (DAKO, Carpintera, CA); and EBV early antigen-D (EA-D) (Capricorn, Portland, ME).
Electrophoretic mobility shift assays. Nuclear extracts were prepared using a nuclear-extract kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. Activation of NF-B was determined by using 5 g of nuclear extracts in a gel shift assay system (Promega, Madison, WI) according to the manufacturer's instructions. Nuclear protein extracts were incubated with a 32 Plabeled oligonucleotide containing a conserved NF-B binding sequence, and electrophoretic mobility shift assays were performed. Nonradiolabeled specific or nonspecific competitor oligonucleotides were added in some assays. Antibodies to human p50 (6) or p65 (19) were added in some experiments. Quantitative evaluation of NF-B complex formation was determined using a Storm 860 Animal experiments. SCID mice (4 to 6 weeks old) were inoculated intraperitoneally (i.p.) with 0.5 ϫ 10 6 or 1 ϫ 10 6 LCLs, and 7 days later, 0.5 mg of bortezomib/kg of body weight or PBS was given i.p. three times a week for 6 weeks. Mice were monitored daily for survival, and all dead mice were autopsied and examined for the presence of lymphomas.
RESULTS
EBV-infected B cells with a type III latency pattern are highly susceptible to killing by bortezomib. To determine the effects of bortezomib on different EBV-positive B-cell lines, we treated the cells with various concentrations of bortezomib. One day after treatment, cell viability assays were performed. Bortezomib reduced the number of viable cells in a dosedependent manner (Fig. 1A) . EBV-positive B cells with a type III latency pattern (LCLa, LCLb, and Mutu III cells) were more sensitive to killing by bortezomib than EBV-positive B cells with a type I latency pattern (Mutu I and EBV-positive Akata cells) or EBV-negative B cells (BJAB and EBV-negative Akata cells). LCLs were rapidly killed by bortezomib, with 50% of the cells killed within 12 h of treatment with the drug (Fig. 1B) . Cells treated with bortezomib for four consecutive days showed a persistent loss in viability over time (Fig. 1C) . Thus, bortezomib preferentially killed EBV-positive B cells with a latency III pattern.
Since LMP1 is expressed in cells with a type III EBV latency pattern but not in cells with a type I latency pattern, we tested whether BJAB cells stably expressing LMP1 (BJLMP-6 or BJLMP-15) were more susceptible to killing by bortezomib than BJAB cells transfected with the control vector (BJgpt-3). Treatment of BJAB cells expressing LMP1 showed no increase in sensitivity to bortezomib compared with treatment of vector control cells (Fig. 1D ). This suggests that LMP1 alone is not responsible for the increased susceptibility of cells with a latency type III pattern to bortezomib. Bortezomib induces apoptosis of LCLs. To investigate whether bortezomib kills LCLs by inducing apoptosis, we treated cells with various concentrations of bortezomib for 6 h and apoptosis was analyzed by flow cytometry after annexin V staining. LCLa cells treated with bortezomib showed increasing numbers of apoptotic (annexin V-positive, 7-AAD-negative) cells in a dose-dependent manner compared to untreated cells ( Fig. 2A) . To further analyze the mechanism of bortezomib-induced apoptosis, caspase and PARP cleavage-hallmarks of apoptosis-were investigated by immunoblotting. Bortezomib induced cleavage of caspases 3, 7, 8, and 9 and PARP in LCLa cells; increased cleavage occurred with longer periods of exposure to bortezomib (Fig. 2B) .
To determine whether inhibition of caspases would reduce apoptosis induced by bortezomib, LCLa cells were incubated with Q-VD-OPH (a pan-caspase inhibitor) for 1 h, followed by treatment with bortezomib (1 M) for 24 h. Pretreatment with Q-VD-OPH completely blocked bortezomib-induced cell death (Fig. 3A) and PARP cleavage (Fig. 3B) . Similar results were observed in LCLb cells treated with Q-VD-OPH (data not shown). Thus, bortezomib induced apoptosis in LCLs, which was blocked by a pan-caspase inhibitor.
Bortezomib inhibits NF-B activity and expression of p52. EBV LMP1 can induce NF-B activation by the canonical and noncanonical pathways, which can lead to inhibition of apoptosis (4, 18, 32, 37) . Treatment of LCLa cells with bortezomib led to a modest inhibition of NF-B DNA-binding activity after 2 h (Fig. 4A) or 4 h (Fig. 4B ) in electrophoretic mobility shift assays. Incubation with an excess of nonradioactive-specific competitor oligonucleotide blocked binding of NF-B to DNA, while a nonspecific oligonucleotide did not block binding. Bortezomib induced a reduction of NF-B in all of the EBV-positive and EBV-negative cell lines tested. The inhibition of NF-B ranged from 27% to 51% in cells treated with bortezomib for 4 h relative to the level in untreated cells (Fig.  4C) . In contrast, bortezomib inhibited Oct1 by only 16% in LCLb cells and 18% in BJAB cells (data not shown). Treatment of LCLa cells with bortezomib increased the phosphorylation of IB␣ and decreased the level of total IB␣ (Fig. 4D) .
To determine which components of NF-B were inhibited by bortezomib, electrophoretic mobility shift assays were performed in the presence of antibodies to p50 and p65. Antibodies to p50 or p65 resulted in shifts of the corresponding proteins (Fig. 5) . Quantification of the level of p50 homodimer in LCLa cells by use of antibody to p50 showed that the level was reduced by 41% in cells treated with bortezomib compared with that in untreated cells. The level of p65:p50 heterodimer quantified using antibody to p65 was reduced by 43% in cells treated with bortezomib compared to the level in untreated cells.
The noncanonical NF-B activation pathway is induced in EBV-transformed B cells and involves proteasome-mediated processing of the NF-B precursor p100 into active p52. Bortezomib significantly reduced expression of p52 in LCLa cells (Fig. 6) . Similar results were obtained with LCLb and LCL Der cells (data not shown). Thus, these data suggest that bortezomib can inhibit the canonical and noncanonical NF-B pathways in LCLs. Bortezomib down-regulates expression of cIAP-1, cIAP-2, and XIAP in LCLs. NF-B up-regulates expression of several antiapoptotic proteins, such as cIAP-1, cIAP-2, and TRAFs, and blocks apoptosis directly at the step of caspase activation (3, 47) . Since induction of apoptosis by bortezomib was associated with inhibition of NF-B in LCLs, we tested whether bortezomib reduced the expression of antiapoptotic proteins. Bortezomib reduced the expression of cIAP-1 in LCLa cells as early as 4 h after treatment was begun, and the protein was nearly absent at 8 h (Fig. 7A) . In contrast, no reduction in expression of cIAP-1 was noted in LMP1-expressing BJAB cells (BJLMP-6 or BJLMP-15) treated with bortezomib, compared to the level in control vector-containing BJAB cells (BJgpt-3) treated with the drug (Fig. 7B) . This suggests that expression of LMP1 alone is not responsible for the reduction of cIAP-1 in these cells. Bortezomib also reduced the expression of cIAP-2 and XIAP in LCLa cells (Fig. 7C) . Bay 11-7082 also reduces the levels of cIAP-1, cIAP-2, and XIAP (Fig. 7C) . In contrast, bortezomib did not affect the levels of Bcl-2, Bcl-XL, TRAF2, or LMP1 in LCLa cells (Fig. 7A) . Similar results were obtained with LCL Bra and LCL Der cells (data not shown). Bortezomib did not affect the levels of cIAP-1, cIAP-2, and XIAP in Mutu I, EBV-positive Akata, and BJAB cells (data not shown).
Bortezomib increases survival of SCID mice inoculated with EBV-transformed B cells. i.p. injection of SCID mice with EBV-transformed B cells results in development of EBV-positive lymphomas that express the same viral proteins as those present in tumors from immunosuppressed persons with EBV lymphoproliferative disease (42) . Groups of 10 SCID mice were inoculated i.p. with LCLa cells (1 ϫ 10 6 or 0.5 ϫ 10 6 ), and 1 week later, mice were treated with bortezomib (0.5 mg/kg three times per week) or PBS i.p. for 6 weeks. Ten weeks after inoculation with 0.5 ϫ 10 6 LCLs, 80% of the control mice were dead from lymphoma, while 60% of mice treated with bortezomib were still alive (Fig. 8A) . Ten weeks after inoculation with 1.0 ϫ 10 6 LCLs, 80% of the control mice were dead from lymphoma, while 60% of the mice treated with bortezomib were alive (Fig. 8B ). Mice treated with bortezomib survived significantly longer than those receiving PBS (P ϭ 0.03 for Fig.  8A , P ϭ 0.01 for Fig. 8B ). Similar results were obtained with mice inoculated with LCLb cells (data not shown). At autopsy, all of the control mice had immunoblastic lymphomas; all but two of the mice that died in the bortezomib group in each experiment had lymphomas. Immunoblot analysis of tumors from mice that received PBS or bortezomib showed expression of LMP1 protein but not the EBV immediate-early BZLF-1 protein or EA-D (Fig. 8C) . Similarly, treatment of LCLs with bortezomib did not induce expression of the BZLF-1 protein in vitro (Fig. 8D) .
DISCUSSION
We have shown that bortezomib induces apoptosis of EBVtransformed LCLs in vitro and prolongs survival of SCID mice with EBV lymphomas. Bortezomib induced apoptosis of LCLs through both the caspase-8 and the caspase-9 pathways; pretreatment of the cells with the pan-caspase inhibitor Q-VD-OPH blocked the effect of bortezomib. LCLs were more sensitive to killing by bortezomib than Burkitt lymphoma cells or EBV-negative B cells. Mutu I and Mutu III are both Burkitt lymphoma cells derived from same lymphoma, but Mutu III cells express each of the EBV-associated latency genes, while Mutu I express only EBNA-1 (21) . These findings suggest that bortezomib may interfere with an activity of one of the EBV latency gene products. Bortezomib at a dose of 1 M resulted in over 70% loss of viability of LCLs and Mutu I and Mutu III cells (Fig. 1 ). Plasma levels in humans peak at 1.3 M after a dose of 1.3 mg/m 2 of bortezomib is received. We found that bortezomib inhibited NF-B DNA-binding activity within 2 hours of treatment with the drug. EBV LMP1 constitutively activates NF-B in LCLs by both the canonical and the noncanonical pathways (4, 18, 32, 37) . In the canonical pathway, the TES1 domain of LMP1 binds to TRAF1, TRAF2, TRAF3, and TRAF5 (7, 15, 16) , while the TES2 domain of LMP1 binds to TRAF6, TRADD, and RIP (23) . The complexes that are formed result in recruitment of the IB kinases, which induce phosphorylation and degradation of IB␣, which subsequently allows the RelA and p50 subunits of NF-B to translocate to the nucleus, where they activate transcription (32, 37) . The proteasome processes NF-B1 p105 into p50 in a translation-independent manner (35). Although we found an increase in the phosphorylation of IB␣ in LCLs after exposure to bortezomib, we did not observe an increase in the total IB␣ protein level (Fig. 4D) . A similar increase in phosphorylation of IB␣ was reported to occur in HTLV-1 transformed T cells treated with bortezomib (34, 46) . One of these studies reported an increase (34), while another reported no change (46) inhibited expression of p52 in LCLs, these results suggest that bortezomib may also inhibit the noncanonical pathway of NF-B activation in LCLs. The noncanonical NF-B pathway is known to be dysregulated in a number of malignancies (40, 49) . Our observation that bortezomib was less effective in killing BJAB cells, which have low levels of constitutive NF-B activity and whose survival depends on the expression of c-Myc and is independent of NF-B (20) , further supports the role of the NF-B pathway in bortezomib-mediated cell death.
Bortezomib inhibited expression of three antiapoptotic proteins, cIAP-1, cIAP-2, and XIAP, in LCLs. These three IAP family members can directly inhibit caspases 3, 7, and 9 (14, 43) . cIAP-1 and cIAP-2 expression is increased following activation of NF-B (47). In contrast, bortezomib did not reduce levels of Bcl-2 or Bcl-XL. Bay 11-7082 and bortezomib both inhibited expression of IB␣ in LCLs. LCLs treated with Bay 11-7082 showed decreased levels of transcripts for cIAP-2, cFLIP, and Bcl-XL (9, 26) and decreased protein levels of cIAP-1, cIAP-2, and cFLIP (26) . These results indicate that bortezomib and Bay 11-7082 may induce apoptosis of LCLs through similar mechanisms of action.
We found that bortezomib was effective for treatment of EBV-associated lymphomas in SCID mice. Treatment of animals with bortezomib 1 week after injection with EBV-transformed B cells resulted in a statistically significant improvement in survival compared to what was found for control mice. Bortezomib has activity against a wide range of malignancies, including multiple myeloma, prostate cancer, breast cancer, colon cancer, and lung cancer (2, 30) . NF-B activation can maintain tumor cell survival, and inhibition of NF-B alone is sufficient to induce apoptosis (8, 27) . Bay 11-7082, which inhibits NF-B activity, also inhibited the growth of EBV lymphomas in SCID mice (26) ; bortezomib, like Bay 11-7082, did not result in the induction of EBV lytic replication in SCID mice. These data suggest that bortezomib may have a role in the treatment of EBV lymphomas that occur in immunocompromised persons.
